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Abstract 
Armillaria sp. strain F022 is capable of degrading a wide range of four-ring aromatic hydrocarbons such as fluoranthene. 
Production of ligninolytic enzymes during fluoranthene degradation by Armillaria sp. F022 is related to an increase in biomass. 
Armillaria sp. F022 has been shown to degrade a 10 mg/L solution by 100% within 30 d. Fluoranthene removal decreases with 
an increase in fluoranthene concentrations. The highest cell weight of Armillaria sp. F022 was showed in the 10 mg/L of 
fluoranthene culture (≥4,400 mg/L) after 30 d of incubation. Three fluoranthene metabolites were isolated from the culture 
medium and analyzed by a thin layer chromatography (TLC), UV visible absorption and gas chromatography–mass spectrometry 
(GC-MS). The oxidation of fluoranthene is initiated by deoxygenation at the C-2,3 and C-7,8 positions. Naphthalene-1,8-
dicarboxylic acid, benzene-1,2,3-tricarboxylic acid, and phthalic acid were identified by GC-MS to be present in silylated forms. 
Two ligninoytic enzymes, namely, laccase and 1,2-dioxygenase, were revealed during the fluoranthene degradation. The results 
indicate the presence of complicated processes for the regulation of fluoranthene-degrading enzymes.  
 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of Jurusan Teknologi Industri Pertanian, Fakultas Teknologi Pertanian, Universitas Gadjah 
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1.  Introduction 
As products of incomplete combustion reaction of organic compounds such as industrial processes and fossil 
fuels, polycyclic aromatic hydrocarbons (PAHs) are environmental pollutants that contribute to the accumulation of 
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toxic substance that ingested and retained by organisms. Fluoranthene, a compound that consists four fused-benzene 
rings, is abundant PAHs (Arun and Eyini, 2011). Although fluoranthene is not genotoxic in nature, it has been used 
as an indicator for assessing PAH-containing pollutants, because of its molecular structures as well as being a known 
carcinogen (Cerniglia, 1992). 
White-rot fungi have been extensively used for their ability to degrade PAHs. These fungi produce extracellular 
enzymes such as laccase, manganese peroxidase (MnP), lignin peroxidase (LiP) and dioxygenases with very low 
substrate specificity. Those enzymes are suitable for the transformation of a variety of organic contaminants 
(Hadibarata et al., 2011). While biodegradation of lower-molecular-weight PAHs has been extensively discovered, 
the metabolite of PAHs that contain four or more rings is less explored, and, therefore, not well understood 
(Poonthrigpun et al., 2006).  
Armillaria sp. F022, a white-rot fungus, isolated from tropical rain forest, has been extensively studied for its role 
in decolorization of industrial dyes and the degradation of naphthalene. Its capacity to degrade and transform 
fluoranthene is not well known. Thus, the characterization of these microorganisms and studies on fluoranthene 
metabolism are interesting. This study evaluates the ability of Armillaria species to degrade fluoranthene in liquid 
cultures. We quantify extracellular enzyme production, biomass production, and glucose utilization. The 
transformation of fluoranthene structures were also characterized and identified. 
2.  Materials and Methods 
2.1 Reagent and materials  
Fluoranthene was purchased from Sigma-Aldrich (Milwaukee, WI). All solutions were prepared from high purity, 
analytical grade reagents, TLC aluminum sheets (Silica gel 60 F254, 20 x 20 cm) were obtained from Merck 
(Darmstadt, Germany). Malt extract and polypeptone were purchased from Difco (Detroit, USA). All glassware was 
cleaned by soaking in diluted HNO3 and rinsed with ultrapure water prior to use.  
2.2 Microorganism and growth conditions 
The white rot fungus Armillaria sp. F022 was maintained on 2% (w/v) malt agar slants at 4 °C and was then 
activated at 25 °C for 5 d. The white-rot fungus Armillaria sp. F022 was selected for this investigation because of 
the extracellular enzyme activities demonstrated during the degradation of lower-molecular weight PAHs such as 
naphthalene [18]. The mycelium was harvested with a sterile NaCl solution. Then it was then inoculated into 20 mL 
of modified mineral salt broth (pH 4.5) in 100-mL Erlenmeyer flasks at 25 °C and 120 rpm for 7 d [4]. To correlate 
biomass production with fluoranthene utilization, sufficient fluoranthene (5 mg L-1) was dissolved in tween 80, 
dimethylformamide (DMF), and benomyl (300 mg L-1) to inhibit bacterial growth. Cultivation was carried out in an 
orbital shaker incubator at 25 °C and 120 rpm. At the beginning of the fifth day of incubation, fluoranthene was 
added to the flasks, aseptically, at desired concentrations. Aliquots were assayed for laccase and MnP activity. 
Armillaria sp. F022 were maintained on 2% (w/v) malt extract agar slants at 4 °C and then activated at 25 °C for 5 d. 
Experiments were performed in 100-mL Erlenmeyer flasks containing 20mL of liquid medium and fluoranthene 
dissolved in solution as described above. All the cultures were incubated at 25 qC on a rotary shaker in the dark for 
7, 15, 22, and 30 d. All experiments were performed in triplicate. 
 
2.3 Enzyme assays 
The liquid cultures were centrifuged (10,000 rpm, 15 min) at room temperature and rapidly washed three times 
with 50 mM phosphate buffer (pH 7) after which the cells were disintegrated with a probe-type sonic oscillator for 
10 min. An enzymatic analysis of laccase and MnP was undertaken in accordance with our previous study. Laccase 
production was assayed by oxidation of 2,22-azinobis-(3 ethylbenzothiazoline-6-sulfonic acid) (ABTS) at 420nm. 
MnP activity was assayed by monitoring the increase of absorbance at 270nm due to the oxidation of 50 mmol L-1 
malonate buffer and dimethoxyphenol in 20 mmol L-1 MnSO4. The activities were expressed in Unit L-1 (U L-1).  
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2.4.  Instrumental analysis  
A gas chromatograph mass spectrometer (Agilent 5975E FID GC–MS) equipped with a with DB–1 capillary 
column (30 m length, 0.25 mm diameter, and 0.25 μm film thickness) were used for analysis. The column 
temperature was programmed as follows: 70 qC for 2 min, at 18 qC min-1 to 150 qC, at 28 qC min-1 to 330 qC and 
330 qC for a 15-min hold. The GC injector was held isothermally at 260 ◦C with a splitless period of 2 min. All 
injection volumes were 1 μL in the splitless mode. The solvent delay time was set at 3 min. Helium was used as the 
carrier gas at a flow rate of 1mL min-1 by an electronic pressure control. The GC/MS interface temperature was 
maintained at 260 qC. The MS was operated in electron impact (EI) ionization mode with an electron energy of 1.3 
eV and scanned range of 50–500amu (atom to mass unit) to determine the appropriate masses for selected ion 
monitoring. The mass spectra from individual total ion peaks were identified by comparison with corresponding 
authentic standards and the mass spectra database of Wiley 275L [18]. 
 
3.  Results and discussion  
3.1 Biodegradation of fluoranthene by Armillaria sp. F022. 
The effect of initial fluoranthene concentration was tested by adding the fluoranthene ranged from 10 to 30 mg L-
1. Armillaria sp. F022 was shown to degrade a 10 mg L-1 solution by 100% within 30 d (Fig. 1). Fluoranthene 
removals decreased with an increase in fluoranthene concentrations. A minimum removal of 79.2% and 61.6% for 
fluoranthene biodegradation was observed when the fluoranthene concentration was increased to 20 and 30 mg L-1. 
Fig. 1 shows the biomass production in relation with an increase of fluoranthene concentrations during degradation 
for 30 d. The highest cell weight of Armillaria sp. F022 was shown in the 10 mg L-1 of fluoranthene culture (≥4,400 
mg L-1) after 30 d of incubation. The average growth of the fungus was 43.3 mg L-1 d-1, 124.4 mg L-1 d-1, and 145/6 
mg L-1 d-1 at different concentrations of fluoranthene (10 mg L-1 to 30 mg L-1), while the fastest growth was shown in 
first weeks of incubation at 10mg L-1 culture (381.5 mg L-1 d-1). Bioadsorption studies were also carried out. The 
results indicated that fluoranthene was not adsorbed on the biomass. The biomass was monitored during the 
biodegradation. The biomass amount did not increase by much, because the concentration of fluoranthene in the 
medium was constantly increased. We have considered these results for all calculations. 
Fig. 2 shows the process of enzyme activity against glucose consumption during degradation process was 
detected. To determine the possible role of ligninolytic enzymes on fluoranthene degradation, laccase and MnP 
activities were monitored during the degradation. Maximum laccase activity of all studied fluoranthene 
concentrations were observed on day 30 of incubation. Laccase activity declined significantly with the 
concentrations of fluoranthene at 30 mg L-1. This is likely because of the increased toxicity of aromatic 
hydrocarbons. Extracellular MnP activity was compared in discrete concentrations of fluoranthene. 
 
 
 
 
 
 
 
 
 
 
 
 
            Fig. 1 Utilization of fluoranthene and biomass production. Initial concentration of fluoranthene: 10 mg/L (A); 20 mg/L (B); 30 mg/L) (C). 
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nP activity of 30 mg L-1 fluoranthene increased at day 15 of incubation and, then, decreased. These results 
revealed that a high level of extracellular laccase was detected from the first week, increased constantly to about 
1,822 U L-1 by day 30. MnP and Lac enzymes were inhibited at 30 mg L-1 fluoranthene in the culture on day 15. It 
was evident that enzyme activities by Armillaria sp. F022 are correlated with the rate of glucose consumption in the 
culture. As anticipated, enzyme activity was constant and fast in the first two weeks after incubation when the 
glucose was rapidly consumed by the fungus for its growth. 
Accordingly, we can conclude that extracellular laccase and peroxidase activities were inhibited by the presence 
of fluoranthene. Previous studies have demonstrated that diverse fungi are capable of fluoranthene mineralization 
and the rates of mineralization are correlated with the production of lignin-modifying enzymes (LMEs). Among the 
enzymes produced by white rot fungi during degradation of lignin. Laccase and MnP have been acknowledged to be 
more significant in the degradation of some polycyclic aromatic hydrocarbons. The involvement of laccase is also 
possible as the potential of laccase to oxidize PAH in vitro has been described by a number of authors (Dean-Ross, 
1996). MnP activity was similar to that of laccase over the initial week but was then retained over the final week. A 
carbon source such as glucose was added to the culture medium as a co-metabolic substrate. Glucose could play a 
major role in the convertion of short chain fatty acids in the enhanced biological phosphorus removal system. 
Microorganisms such as bacteria and fungi have been found to grow more rapidly when the polluted-liquid culture 
was supplemented with glucose. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. Monitoring of enzyme activities and glucose consumption. . Initial concentration of fluoranthene: 10 mg/L (A); 20 mg/L (B); 30 mg/L) 
(C). 
 
The organic compound was more rapidly degraded when glucose was used as a co-substrate for growth. On the 
contrary, in most basidiomycetes, glucose or other carbon sources supplied the important substrates for enzyme 
production and cell growth. While the production of ligninolytic enzymes occurs during the secondary metabolism 
as well as affected by nutrient limitation, the process of degradation occurs after enzyme production. Another study 
showed that degradation was repressed by glucose, because glucose inhibits the utilization of the target compound 
(Satsangee and Ghosh, 1990).  
3.3 Identification of metabolites 
After 30 days of incubation, GC analysis of extracted sample showed original fluoranthene at retention time 10.9 
min and at the end of incubation, no fluoranthene remained in the liquid medium. The liquid culture used to 
determine growth of the fungi in fluoranthene was halted, and their entire content extracted with ethyl acetate. UV-
Vis spectrophotometer analyses of acidic extracts revealed the presence of three metabolites of fluoranthene (Fig. 3). 
GC-MS analysis of the ethyl acetate-extractable had revealed three major chromatographic peaks. Metabolite I had 
an Rf value of 0.55, gave an UV spectrum with λmax of 225 and 298 nm, similar to that of the authentic naphthalene-
1,8-dicarboxylic acid. The spectrum of compound I (m/z 360, M+) which had a retention time (tR) of 10.7 min and 
the significant fragment ions at m/z 345, sequential loss of methyl (–CH3), 2713 (M+–89), sequential loss of –
OSi(CH3)3, and 243 (M+ –117), and sequential loss of –COOSi(CH3)3 as well as the expected fragment ions at 346, 
269 and 73 [(CH3)3Si]. 
TLC of the ethylacetate-extractable metabolites of another route of fluoranthene transformation showed one 
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metabolite (II) having an Rf value of 0.39. This metabolite had the same Rf value and UV characteristics (λmax of 213 
nm) as the authentic benzene-1,2,3-tricaboxylic acid standard. MS analysis of the benzene-1,2,3-tricarboxylic acid 
produced from fluoranthene via 9-fluorenone-1-carboxylic acid gave an apparent molecular ion [M+−15] at m/z 411, 
as well as the expected apparent losses of [M+−45] fragment ions at m/z 381 corresponding to the respective 
sequential losses of COOH, 337 (–OSi(CH3)3), and 309 (–COOSi(CH3)3). Based on data obtained above, the 
compound should be benzene-1,2,3-tricarboxylic acid. The last metabolite (III) with a Rf value of 0.2. This 
metabolite had the same Rf value and UV characteristics (λmax, 226 and 275 nm) as the authentic phthalic acid 
standard. The mass spectrum of compound III, eluting at retention time 13.9 min, had a molecular ion at m/z 310 and 
fragmentation ions at m/z 295 (M+–15), sequential loss of methyl (–CH3), 221 (M+–89), sequential loss of –
OSi(CH3)3, and 193 (M+–117), sequential loss of –COOSi(CH3)3, as well as the expected fragment ions at 149, 147, 
140, and 73 [(CH3)3Si]. 
During growth at the degradation of fluoranthene, Armillaria sp. F022 exhibited three metabolites via two routes 
(Fig. 4). In the first route, Armillaria sp. F022 undergoes 7,8-dioxygenation to form acenapthenone, which is finally 
hydroxylated to form naphthalene-1,8-dicaboxylic acid. In the second route, Armillaria sp. F022 converted 
fluoranthene into a major product 9-fluorenone-1-carboxylic acid, benzene-1,2,3-tricarboxylic acid and phthalic 
acid. Unfortunately, 9-fluorenone-1-carboxylic acid was not identified in our culture extract.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. UV spectra of naphthalene-1,8-dicarboxylic acid (A), benzene-1,2,3-tricarboxylic acid (B) and phthalic acid (C). 
 
Although our finding is similar to fluoranthene metabolism in bacteria reported by Iwaki that enzymatic reaction 
is involved in converting fluoranthene to acenapthenone by spontaneous ring cleavage, to give 8-hydroxymethyl-1-
naphthoic acid and finally form naphthalene-1,8-dicarboxylic acid. On the other hand, naphthalene-1,8-dicarboxylic 
acid is further degraded to via benzene-1,2,3-tricarboxylic acid and phthalic acid [28]. Here, although these 
compound have been identified as fluoranthene metabolites, there is no evidence that they are formed from 
naphthalene-1,8-dicarboxylic acid. In addition to the extradiol ring-cleavage of dihydroxyfluorathene, followed by 
acenapthenone further indicated that the ring-hydroxylating oxygenase plays an important role in naphthenoaromatic 
metabolites through the benzylic methyne groups. It ring-cleaved the PAHs between carbons 7 (C7) and carbon 8 
(C8) of the fluoranthene and gives acenaphthylene-type metabolites into the E-ketoadipate pathway via benzene-
1,2,3-tricarboxylic acid (Kim et al., 2007). 
4. Conclusion 
In view of the results obtained by this study, we can conclude that a white-rot fungus, Armillaria sp. F022, has 
great capability in the degradation of fluoranthene. The activities of two key enzymes i.e. laccase and 1,2-
dioxygenase, played an important role in the complicated mechanism of fluoranthene degradation by Armillaria sp. 
F022. This work contributes to a further understanding of the microbial processes at work in the removal of PAHs 
from polluted sites.  
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Fig. 4. Proposed pathway of fluoranthene metabolism by Armillaria sp. F022. Compounds between brackets were not identified in our culture 
extract. 
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